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Abstract 
In recent years, various microfluidic devices and integrated micro fluidic systems such as bio-chips, lab-on-a-chip and 
microreactors have been the focus of intensive investigations. They are being increasingly applied for bio-medical 
processes such as genetic analysis, disease diagnosis, chemical synthesis etc. In such devices, rapid and effective mixing 
of bio-particles is essential. Yet, when the density of the bio-particles is high, preventing their sedimentation becomes an 
issue of crucial importance. In the present work we carried out a comprehensive study to understand the efficacy of 
dielectrophoresis in preventing sedimentation of high density bio-particles in a micro-mixer. We analyzed the efficacy of 
dielectrophoretic force in sedimentation control of micro-mixers for variable particles, medium and field parameters using 
finite element-based CFD simulations. The results of the study indicate that dielectrophoresis-based sedimentation control 
could be a viable method to prevent sedimentation of a protein.  
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1. Introduction 
Microfluidic devices have rapidly gained importance in the field of biology and medicine due to their wide 
applications in areas like DNA assay, cell storing, high throughput screening, dynamic cell separators, surface 
patterning of cells, proteins and high throughput nucleic acid analysis [1]. They are being increasingly utilized 
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for various biological and chemical processes leading to the evolution of new concepts such as Bio-MEMS, 
Bio–Chip (DNA-chip, protein chip etc), Lab-on-a-Chip and Micro-Reactor.Bio-chips and Lab-on-a-Chip are 
integrated systems with various components. All the procedures for bio analysis including sample injection, 
mixing, reaction, information extraction, etc, can be completed on this single platform. Compared to 
laboratory work, these systems offer apparent advantages such as (1) less material, sample and reagent and 
consequently lower cost; (2) less waste and contamination; (3) fast response time and high efficiency; (4) 
reduced size, portability and on site applications; (5) easy automation and operation .   
The size of microfluidic devices typically ranges from several tens to several hundred micrometers. Fluid 
flow at such a micro scale introduces some new characteristics due to its large surface to volume ratio. There 
is increased influence of surface tension and fluid viscous forces at the expense of inertial forces. Thus all 
micro flows fall in the low Reynolds number laminar regime. The lack of turbulence in micro flows increases 
the difficulty of fluid mixing. Therefore, micro-mixers have been designed to solve this problem. Micro-
mixers can be broadly categorized into two categories: passive and active mixers. Active mixers employ some 
external fields to produce relative motion of liquids for fluids’ mixing. Passive mixers, on the other hand, do 
not need the incentive of external fields. Passive mixers are simple in structure and easy to integrate into a 
complex micro system without using complicated technologies. 
However, for many biological and chemical processes, the rapid mixing of cells, viscous organic solutions 
or reactants can be of crucial importance [2]. One of the main challenges in such mixing is to overcome the 
problem of sedimentation of bio-particles. While mixing of low density molecules can occur easily, the 
mixing of high density molecules like proteins and peptides is likely to trigger the problem of sedimentation. 
Dielectrophoresis’ effects have been utilized to prevent sedimentation of bio-particles [3-7]. However, the 
effects of dielectrophoresis-based sedimentation control in the mixing of bio-particles in a micro-mixer needs 
to be investigated. Such an investigation could serve as an invaluable guideline in the design of micro-mixers 
which successfully overcome the problem of sedimentation of bio-particles. Further, such an investigation 
could provide hints on the viability of utilizing such a method of sedimentation control. In the present work 
we have carried out simulations on a particle of density equivalent to that of a protein. A comprehensive 
analysis of the effects of permittivity of particle, permittivity of medium and field parameters such as angular 
frequency and voltage on the efficacy of a dielectrophoresis-based sedimentation control in a micro-mixer has 
been carried out. Particle trajectories are simulated to give a better picture of the sedimentation control taking 
place.  
2. Simulation & modelling details 
Fig 1 illustrates the micro-mixer in which simulations were carried out. The given micro-mixer is chosen 
as it gives a better picture of the sedimentation control taking place.  
                   
 
 
 
 
 
 
 
(a)                                                                                                         (b)                                                                 
 
Fig. 1. (a)Voltage being applied in the micro-mixer under study;                   (b) Concentration Graph of micro-mixer due to two fluids 
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All the simulations were done in COMSOLV4.3a.In Fig 1(a) two particles are allowed to enter through the 
inlet. Their diameter is 3μm; density is 1.41g/cm3 and permittivity is taken as 20.The value of density chosen 
is identical to the density of a protein [8].The upper part of the micro-mixer (red colour) in Fig 1(a) is 
grounded and the lower part (red colour) is subjected to an AC voltage of 120V and angular frequency of 
62rad/s represented by 120sinωt, where ω=2πf is the angular frequency and f is the frequency of the applied 
electric field. This leads to a time-averaged dielectrophoretic (DEP) Force acting on the particle given by 
FDEP = 2πr3 εm Re {(ε*p – ε*m) / (ε*p + 2ε*m)}∇| Erms |2                                                                       (1) 
Where r is the radius of the particle, ε*p is the complex permittivity of the particle, ε*m is the complex 
permittivity of the medium and E is the electric field acting on the particle.  The factor in curly brackets is 
known as the Clausius -Mossotti function [9][10] .The value of the complex permittivity is directly influenced 
by the value of permittivity also known as dielectric constant. 
The DEP force shown in (1) can be negative or positive. When the DEP force acting on the particle is 
positive, the particle tends to move to a region of high electric field and when the DEP force acting on the 
particle is negative, the particle tends to move to a region of low electric field. We can utilize the effects of 
DEP force, which forces a particle to move to a certain field region to cancel out the gravitational forces, 
thereby cancelling out the sedimentation forces. Dielectrophoretic force can thus be utilized as a method of 
sedimentation control by arranging electrodes in a manner that gravitational force is cancelled out. In such a 
dielectrophoresis-based sedimentation control, parameters such as  permittivity of medium, permittivity of 
particle, voltages of the electric field and angular frequency of the electric field control the dielectrophoretic 
force and hence the efficacy of sedimentation control. 
3. Results and discussions 
3.1. Demonstration of sedimentation-control using dielectrophoretic force 
The success of the applied dielectrophoretic force in preventing sedimentation of a particle with the density 
of a protein is demonstrated below. 
                     
(a)                                                                                     (b)  
Fig. 2. Comparison of particle trajectory   (a) Without Dielectrophoretic Force;  (b) With Dielectrophoretic Force  
 
As shown in Fig 2(a) the particle entering from the lower side of the inlet (particle 2) of the micro-mixer 
undergoes sedimentation around the entry region of the second turn. The particle is unable to reach the outlet 
successfully. The use of dielectrophoretic force in Fig 2(b) ensures that the particle manages to reach the 
outlet, while avoiding sedimentation 
3.2. Study of sedimentation control by applying variable voltages 
A comparison of the sedimentation control taking place in the micro-mixers is conducted by varying the 
voltage being applied, with the voltage V measuring 60V, 120V, 400V, 800V and 12000V, respectively.  
As can be seen in Fig 3, a trend of increasing efficacy of sedimentation control is observed as the voltage 
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increases. Fig 3(d) and 3(e) are special cases. In Fig 3(a) due to the low voltage being provided the particle 
entering from the lower side of the inlet (particle 2) is not able to reach the outlet. However the particle travels 
much further as compared to Fig 2(a). This indicates that at the given voltage the dielectrophoretic force does 
show some effect in preventing sedimentation, but is unable to succeed in doing so. In Fig 3(b) the particle 
manages to reach the outlet and successfully avoid sedimentation. In Fig 3(c) almost perfect sedimentation 
control takes place. Gravitational force is completely overcome. In Fig 3(d) the high electric field prevents the 
particle from entering into the first turn. In Fig 3(e) the high electric field forces the particle to turn back. 
              
                                  (a)                                                               (b)                                                                       (c) 
 
 
 
                                                         
                                                                         (d)                                                                                 (e) 
                                                           
Fig. 3. Comparison of particle trajectory at voltages  (a) V  =  60V;  (b)  V  =  120V;  (c)  V  =  400V;  (d)  V =  800V;  (e) V  =  12000V 
 
Referring to (1), at the given particle and medium permittivities, the Clausius-Mossotti function, 
represented by the factor in curly brackets is negative. Hence the dielectrophoretic force acting on particles is 
negative. The particle tends to move to the position where the electric field is the least. It is for this reason that 
in Fig 3(c) and Fig 3(d) the particle is focused in the centre as this is the position of least electric field. 
However in Fig 3(e) the electric field is so high that the particle resists the drag force acting on the particle to 
move backwards to a position of lower electric field. 
3.3. Study of Sedimentation Control for Variable Medium Permittivities 
A comparison of the sedimentation control taking place in the micro-mixers is conducted at different 
medium permittivities, with the permittivity εm = 30, 60, 80 and 100 respectively.  
                      
                               
                                                               (a)                                                                           (b)                                                                                      
                                                         
                                                                                                                                                                                                                 
                                                               (c)                                                                           (d) 
Fig.4. Comparison of particle trajectory for medium permittivities (a ) εm = 30;  (b)  εm =  60;  (c) εm =  80;  (d)  εm = 100 
As can be seen in Fig 4, a trend of increasing efficacy of sedimentation control is observed as the medium 
permittivity increases. While the particle entering from the lower side of the inlet (particle 2) of the micro-
mixer reaches the outlet undergoing sedimentation in the second turn in Fig 4(a). The particle undergoes 
sedimentation after the first turn in Fig 4(b). In Fig 4(c) and Fig 4(d), the particle reaches the outlet, with 
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better efficacy of sedimentation control being observed in Fig 4(d). 
Referring to (1), as the permittivity of the medium increases, the Clausius-Mossotti function, represented 
by the factor in curly brackets becomes more negative. As the Clausius-Mossotti function becomes more 
negative, the resulting negative dielectrophoretic force causes the particle to be focused in the centre. Hence 
better efficacy of sedimentation control is observed as medium permittivity increases. 
3.4. Study of sedimentation control for variable particle permittivities 
A comparison of the sedimentation control at different particle permittivities, εp = 4, 40, 60 and 110, 
respectively, is shown. As can be seen in Fig 5(a) both particles reach the outlet; in Fig 5(b) the lower particle 
(particle 2)manages to cross the second turn; in Fig 5(c) particle 2 undergoes sedimentation in the second turn  
and in Fig 5(d) the particle undergoes sedimentation in the first turn itself.  It is clear from Fig 5, that a trend 
of decreasing efficacy of sedimentation control is observed as the particle permittivity increases. Referring to 
(1), as the particle permittivity increases the Clausius-Mossotti function, represented by the factor in curly 
brackets becomes less negative leading to a reduced negative dielectrophoretic force. As the dielectrophoretic 
force becomes less negative, its capability to focus the particle towards the centre reduces. Hence a decrease 
in the efficacy of sedimentation control is observed as particle permittivity .increases.    
While in Fig 2(a) with no dielectrophoresis force acting, the particle entering from the lower side of the 
inlet (particle 2) of the micro-mixer manages to reach the second turn; in Fig 5(d) despite the fact that 
dielectrophoretic force is acting on it, the particle fails to cross the first turn. 
    
                                                                (a)                                                                               (b)  
                                     
                                                                 (c)                                                                                 (d) 
 
Fig. 5. Comparison of particle trajectory for  particle  permittivities  (a)  εp =  4;   (b)  εp =  40;  (c) εp =  60 ; (d)  εp = 110 
 
This is because at εp = 110 the particle permittivity becomes greater than the medium permittivity. Hence 
referring to (1), Clausius-Mossotti function represented by the factor in curly brackets becomes positive 
leading to positive dielectrophoretic force. So the particle rather than being focused towards a region of low 
electric field gets attracted to a region of high electric field. The particles tend to stick to the walls thus 
depreciating the efficacy of sedimentation control. 
3.5. Study of sedimentation control at variable angular frequencies  
A comparison of the sedimentation control is conducted at different angular frequencies with the angular 
frequency ω measuring 10 rad/s, 150 rad/s, 300 rad/s, 800 rad/s and 2000 rad/s respectively.  
As can be seen in Fig 6(a) the lower particle (particle 2) undergoes sedimentation in the second turn;  
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                                      (a)                                                                   (b)                                                                (c)                                
 
            
                                                                (d)                                                                                  (e) 
Fig. 6. Particle trajectory for angular frequencies (a) ω = 10 rad/s; (b ω =150 rad/s ; (c)ω =300 rad/s; (d)ω =800 rad/s; (e) ω =2000 rad/s 
In Figure 6(b), particle 2 undergoes sedimentation after the first turn, and in Fig 6(c) particle 2 successfully 
reaches the outlet avoiding sedimentation. In Fig 6(d) particle 2 undergoes sedimentation after the second turn 
and in Fig 6(e) particle 2 undergoes sedimentation in the second turn. 
It can be clearly observed that the efficacy of sedimentation control of particles is dependent on frequency. 
Initially the efficacy of sedimentation control increases with frequency as can be seen in Fig 6 (a), (b) and (c). 
However after a frequency of 300 rad/s a trend of decrease in efficacy of sedimentation control of particles 
with increase in frequency is observed as can be seen in Fig 6 (c), (d) and (e). 
3.6. Summary of results 
Table 1. Summary of Results 
 Increase in voltage of 
electric field 
Increase in particle 
permittivity  
Increase in medium 
permittivity 
Increase in angular 
frequency of electric 
field 
Efficacy of 
sedimentation 
control  
Increases Decreases Increases Increases up till 
300rad/s then decreases 
 
3.7. Inferences from study 
Table 2. Published data available on proteins 
 Density of protein(g/cm3 ) permittivity of protein 
Values in literature 1.43±0.03[8] 2.5 to 4[11] 
 
While mixing of low density molecules can occur easily, mixing of high density molecules like proteins 
and peptides is likely to involve the problem of sedimentation. The mean density of proteins and the 
permittivity (dielectric constant) of a folded protein is shown is given in table 2. In our study we have shown 
how dielectrophoresis prevented the sedimentation of a protein of density 1.41g/cm3 at a permittivity of 
20(Fig 2) assuming the medium to be water and applying reasonable voltages and angular frequencies of 
120V and 62rad/s. Further we have shown how a dielectrophoresis-based sedimentation becomes more 
effective as permittivity of the particle decreases (Fig 5). As the permittivity of protein is between 2.5 to 4, 
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which is much lesser than 20, the effect of dielectrophoretic force in reducing sedimentation will be even 
more. Moreover, the results we have obtained by varying the voltages, particle permittivity, medium 
permittivity and angular frequency of the electrical field can serve as invaluable guidelines for the design of 
micro-mixers which successfully overcome the problem of sedimentation of bio-particles. 
4. Conclusion 
A Dielectrophoresis-based sedimentation control could be a viable method to prevent sedimentation of 
proteins in a micro-mixer. It was observed that the efficacy of this method of sedimentation control is 
inversely proportional to the permittivity of the particles and directly proportional to the voltage being applied 
and permittivity of the medium. The efficacy of sedimentation control in a micro-mixer was also influenced 
by frequency. While an increase in angular frequency improved the efficacy of sedimentation control up till 
300 rad/s, the increase of angular frequency was found to have a negative effect on sedimentation control 
beyond 300 rad/s. The results we have obtained by varying the voltages, particle permittivity, medium 
permittivity and angular frequency of the electrical field can serve as invaluable guidelines for the design of 
micro-mixers which successfully overcome the problem of sedimentation of bio-particles. 
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